INTRODUCTION
This article is an update of a review written 1 some 10 years ago. It covers the currently known solid-state complex homoleptic transition (T) metal hydrido complexes and some of their properties of interest for science and technology. The complexes occur in a wide variety of solid-state compounds. Historically, the first fully characterized example is K 2 ReH 9 . Its structure was reported in 1964 by Abrahams, Ginsberg, and Knox, 2 and found to contain tricapped trigonal prismatic [ReH 9 ] 2− complex anions. The second member is Sr 2 RuH 6 , which was reported in the 1970s by Moyer and collaborators, 3 was found to contain octahedral [RuH 6 ] 4− complexes. Wider interest in this type of hydride started only in the 1980s after the discovery of ternary transition metal hydrides such as LaNi 5 H 6 and FeTiH 2 , which were suitable media for reversible hydrogen storage (for useful reviews see books and journal issues edited by Schlapbach) . 4 The compounds showed metallic properties and had a large homogeneity range with respect to hydrogen. One of them, however, Mg 2 NiH 4 , was nonmetallic and had a fixed hydrogen content. Originally reported in 1968 by Reilly and Wiswall, 5 it was classified as a hydride containing a T-metal hydrido complex only 18 years later, after its structure was fully characterized by Zolliker et al. 6 2− , and also hydrides that contained both complex bonded hydrogen and ionic hydrogen not bonded to the transition metal. In 1991, some 13 ternary hydride structure types were known. Some of them were reviewed and named 'complex transition metal hydrides' by Bronger, 7 a term now widely accepted. The first comprehensive review as written in 1993 by Yvon 1 covered 25 different transition metal hydride complexes in some 69 compounds, including quaternary hydrides. Over the years, the number of complex metal hydrides increased continuously and reviews appeared on various of their aspects such as synthetics, 8,9 diffraction methodology, 10,11 bonding,
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crystal chemistry, 15,16 complex formation in hydrogenated intermetallic compounds, 17 and materials science. 18, 19 The hydrides were also incorporated into a public online database. 20 At present, over 127 complex T-metal hydrides covering 47 structure types are known, that is, since the 1993 review their number has almost doubled. In this update, both mononuclear (terminal hydrogen ligands only) and polynuclear (terminal and bridging hydrogen ligands) complexes are covered. Only those hydrides are treated whose structures are fully characterized. Most contain well-defined T-metal hydride complexes and show nonmetallic behavior. Some, however, do not, and their classification as 'complex' hydrides is debatable. They are, nevertheless, included here because they illustrate the continuous transition that exists between complex and interstitial (metallic) hydrides. Among the aspects discussed are factors that govern the formation of complex hydrides, hydrogen contents, and thermal stability. These factors are not only of fundamental interest but also of practical relevance, because they determine the potential of metal hydrides for hydrogen storage applications.
EXPERIMENTAL DETAILS

Compositions and Structures
The presently known complex transition metal hydrides are based on late 3d, 4d, and 5d transition elements of groups 7 -10, and on monovalent, divalent, and trivalent metals (M) belonging to the alkali, alkaline earth, and/or lanthanide series, respectively. For completeness, complexes based on closed-shell elements of group 11 (Cu, etc.) and 12 (Zn, etc.) are also included. Most hydrides are true ternary (or quaternary) compounds in the sense that they do not derive from stable intermetallic compounds, but form only in the presence of hydrogen. Some hydrides, however, do and show interesting physical phenomena. The metal ratios are usually situated in the range M/T = 1 -4, and the hydrogen contents in the range H/(M + T) = 1-4.5. The compounds crystallize with 47 different, mostly new, structure types and represent over 127 hydrides. The first representative of each hydride structure type and the isostructural compounds known are listed in chronological order in Table 1 (year of publication in parentheses).
There exist two broad families of complex transition metal hydrides. The first contains hydrogen bonded to transition elements only and has the general composition (2) These 'composite' hydrides are of particular interest because they combine different types of metal -hydrogen bonding in the same structure. 
Synthesis
The most common route of synthesis is by solid-state reaction, such as sintering powder mixtures of the elements, binary alloys, and/or binary metal hydrides at relatively high pressures (up to 160 bar) and moderate temperatures (<1000 K). Synthesis from binary metal compounds is rarely possible because such compounds either do not exist, such as in the Mg-Fe and Mg-Os systems, or form at metal ratios that differ significantly from those of the ternary (or quaternary) complex metal hydrides, such as Mg 2 
Structure Analysis
Owing to the low X-ray scattering power of hydrogen, neutron diffraction experiments on deuterides are necessary. Most atomic arrangements are determined on powders, and this may cause difficulties owing to poor crystallinity, the presence of impurity phases (often not detected by X rays), structural complexity (Mg 6 Ir 2 D 11 , e.g., has 126 free positional parameters), heavy absorption (Eu, Cd), microtwinning owing to temperature induced phase transitions, and disorder in the hydrogen complex ligand spheres. High-resolution measurements (e.g. with synchrotron radiation) are rare. The data are usually analyzed by the Rietveld method. For better convergence, the number of refined parameters, in particular, those of the atomic displacement amplitudes, are reduced by constraints. For all these reasons, hydride structures are generally less well characterized than other solid-state structures.
Properties
Most compounds are nonmetallic. Only few other properties are known. The main reason for this is the lack of single crystals, the presence of impurity phases in the samples, and the sensitivity of many compounds to air and moisture. Data on magnetic, electric, and spectroscopic (NMR, Mössbauer, IR) properties are scarce. Enthalpies of hydride formation as measured from pressure -composition isotherms are known for hydrides based on 3d elements only. Theoretical band structure calculations are available only on relatively simple crystal structures. Structural dynamics are investigated by spectroscopic methods (INS, Raman, IR, NMR) and magnetic properties on SQUID magnetometers. Owing to the absence of single crystals of suitable size, reliable measurements of the electric conductivity are rare. Enthalpies of hydride formation, H , are usually determined from pressure-composition isotherms as measured on Sievert's apparatus or on a thermobalance, by using the relation
where p eq is the hydrogen equilibrium pressure and T the absolute temperature. Given that the entropy term, S, does not much change from one system to another ( S ∼ 130 J K −1 mol −1 H 2 ) the hydrogen decomposition temperatures at a given pressure scale roughly with enthalpy (293 K: H ∼ 30 kJ/H 2 for p eq = 1 bar). Finally, the reaction products ought to be handled with care because many are air sensitive and some are extremely pyrophoric. For these reasons, quite a few complex metal hydrides are known to exist but have not yet been fully characterized.
HYDRIDE STRUCTURE TYPES AND PROPERTIES
Complex transition metal hydrides combine structural features typical for coordination compounds and ionic solids. They display covalently bonded hydrogen such as in molecular transition metal complexes 22 (see Hydride Complexes of the Transition Metals), and hydride anions (H − ) bonded to electropositive metals (M + , M 2+ , M 3+ ) only, such as in saline hydrides. In metal-rich systems, hydrogen has interstitial character, as in typically metallic transition metal hydrides. 23 The structural and physical properties of the 47 known hydride structure types and of their representatives (stated in parentheses) are summarized below. Limiting ionic formulas (lif ) and the corresponding formal oxidation states and electron configurations of the transition elements are indicated whenever possible. Such formulas do not provide an adequate description of the bonding but allow one to rationalize the H content (see below). 
K 2 ReH 9 (K 2 TcH 9 )
From reaction of KReO 4 with K metal in ethylenediamine -water solution;
2 colorless crystals, unstable in moist air; NMR and IR data, optical absorption spectra and LCAO-MO calculations; ordered structure ( Figure 1 ) from single-crystal neutron diffraction on hydride and later on deuteride:
24 P62m, Z = 3; two different Re sites, occurring at the ratio Re1:Re2 Table 6 .
K 3 PdH 3 (Rb 3 PdH 3 , Cs 3 PdH 3 )
From KH and Pd sponge at 623 K under hydrogen; yellow powder at room temperature, orange-red at high temperature, 64 ordered structure ( Figure 9 ) from npd on deuteride: P 4 2 /mnm, Z = 8; three Pd sites with ratios Pd1:Pd2:Pd3 = 1:1:2, each forming a linear [PdH 2 ] 2− 14-electron complex having Table 6 Interatomic distances (Å) in K 3 PtD 5 and analogs 71 Interatomic distances are given in Table 7 . From reactions of binary hydrides MH with T at 753 K and 10 bar hydrogen pressure;
CaPdH
72 no compound formation with KH and Fe up to 1073 K and 100 bar; Ru does not react with KH, and Os not with NaH and KH under experimental conditions; powders either white (Li) or green (Na); all air sensitive; ordered structures ( Figure 11 ) from npd at room temperature on deuterides: R3c, Z = 6 (hex setting), K 4 Figure 12 ) from npd on deuterides 73,75 at 295 K (Na-Rh, Na-Ir, Li-Rh, Li-Ir) and 11 K (Na-Rh, Na-Ir); Pnma, Z = 4; isolated octahedral [ 6 . Interatomic distances are given in Table 9 .
Li 3 RhH 4
From LiH and Rh powder at 870 K under hydrogen;
74
powder of metallic appearance; oxygen and moisture sensitive; Table 9 Interatomic distances (Å) in Na 3 RhD 6 and analogs 
MgRhH 1−x
From binary alloy MgRh (CsCl-type structure) at 748 K and 130 bar hydrogen pressure; 77 powder of gray color and metallic appearance; partially disordered structure ( Figure 14 ) by in situ npd at 39 bar, 2.5 bar and 10 −2 mbar deuterium pressure: P 4/mmm, Z = 4; one Rh and two Mg sites forming a tetragonal distorted CsCl-type structure with doubled a parameter (2c/a = 1.012 at 39 bar); one D site connecting 
Mg 3 RuH 3
From elements by sintering at 883 K under 9 bar hydrogen pressure;
78 dark gray powder, stable in air; partially disordered structure ( Figure 15) 
LiSr 2 PdH 5
From reaction of arc-melted ternary alloy Li 1.5 Sr 2 Pd at 793 -803 K under 155 bar hydrogen pressure; 87 darkgreen powder, sensitive to air; partially disordered structure ( Figure 22 ) from npd on deuteride at 14 K: P 4/mmm, Z = 1; metals form ordered superstructure of CsCl; contains ordered SrLiD 3 type slabs having inverse perovskite-type structure; Pd surrounded by three D, on average, in partially disordered octahedral configuration with four half occupied equatorial D sites forming linear Pd-D-Pd bridges similar to those in CaPdH 2 (X), and two fully occupied axial sites belonging to the SrLiD 3 type slabs; both have large displacement amplitudes; three D sites, of which a twofold is octahedral surrounded 90 Interatomic distances are given in Table 13 . 
Mg 3 RuH 6
From elements by sintering powder mixtures at 1053 K under 90 bar hydrogen pressure;
92 powder of rusty-brown color, sensitive to moisture and air; partially disordered structure ( Figure 25) 
BaReH 9
From di-sodium salt Na 2 ReH 9 (obtained from reaction of KReO 4 with K metal in ethylene diamine -water solution) converted to the di-potassium salt by way of the Ba salt;
96 white powder, transparent crystals, unstable in moist air; ordered structure ( Figure 28 ) from single-crystal X-ray diffraction, and IR and NMR data on hydride: 97 Table 17 .
KNaReH 9
Translucent crystals obtained from di-sodium salt Na 2 ReH 9 96 by slow evaporation of a solution in KOH; unstable in moist air; ordered structure ( Figure 33 ) from single-crystal X-ray diffraction at 193 K, and IR data:
111 Pnma, Z = 4; Re site forming ttp-[ReH 9 ] 2− 18-electron complexes with site symmetry m; surrounded by K and Na cations in a ; Re-Na = 3.35; Re-K = 3.69; Re-Re = 5.33; Na-Na = 4.00; Na-K = 4.01; K-K = 4.49; Na-H = 2.33 a ; K-H = 2.61 a ; H-H = 1.73 a (not refined).
Li 5 Pt 2 H 9
From reaction of LiH and Pt at 1250 bar H 2 pressure and 820 K; 112 anthracite colored caked solid, sensitive to air and moisture; ordered structure ( Figure 34 
Ba 7 Cu 3 H 17
By hydrogenation of Ba-Cu alloys at 10 bar H 2 pressure and room temperature, followed by annealing at 643 K under 160 bar H 2 pressure; 113 dark brownish powder sensitive to air and moisture; ordered structure ( Figure 35 ) from npd on deuteride: P 31c, Z = 2; contains distorted 18- Table 18 .
NaBaPdH 3
By sintering of compacted powder mixtures of NaH, BaH 2 , and Pd at temperatures of up to 783 K under H 2 pressures of 90 bar;
116 solid having metallic luster, sensitive to air and moisture, contains ruby-red single crystals; ordered structure ( Figure 39 ) from single-crystal X-ray diffraction on hydride and npd on deuteride: P 6 3 /mmc, Z = 2; contains trigonal planar [PdH 3 ] 3− 16-electron complexes with6m2 symmetry; surrounded by five Ba in trigonal bipyramidal configuration; one Pd site, one Na site, one Ba site and one D site; 
K 3 ReH 6
By hydrogenation of powder mixtures of KH and Re at 850 K and H 2 pressures of up to 3500 bar. 117 Reaction product has olive green color, is unstable in air and moisture, and decomposes under vacuum; ordered structure ( Figure 40 ) from npd on deuteride: cubic variant of cryolite type (K 2 NaAlF 6 ), 
Ca 8 Rh 6 H 24
From calcium hydride and rhodium metal by sintering powder mixtures at temperatures of up to 1133 K under 
Cs 3 OsH 9 (Rb 3 OsH 9 )
By sintering powder mixtures of alkali hydrides and Os under conditions similar to Na 3 OsH 7 (XLIII). 120 Partially disordered structure (Figure 44 ) by npd on deuteride of Cs compound at room temperature: P m3m, Z = 1; contains 
Mg 6 Ir 2 H 11
From either hydrogenated binary Mg 3 Ir alloy or by sintering powder mixtures of the elements at up to 773 K under a H 2 pressure of up to 150 bar. 121 Red colored hydride; partially disordered structure ( Figure 45) 
CRYSTAL CHEMISTRY
Hydride Complexes
Occurrence. At present, some 50 different homoleptic hydride complexes have been identified in over 127 compounds that cover 47 structure types. Their occurrence across the 3d, 4d, and 5d transition metal series is summarized in Table 19 . The complexes form with transition elements from group seven (Mn), eight (Fe), nine (Co) and ten (Ni), to closed d-shell elements of group eleven (Cu) and twelve (Zn). Hydride complexes have not been characterized as yet for elements of group four (Ti), five (V) and six (Cr), and none for Ag, Au, and Hg. Interestingly, most complexes contain T-metals that do not form stable binary hydrides such as iron, cobalt, and congeners, or form relatively unstable hydrides such as nickel and congeners. While the great majority of complexes are centred by one T-metal atom ('mononuclear' complexes) and display terminal hydrogen ligands only, some are centred by two (Ru, Pt), four (Rh, Ni) or more (Ru, Rh) and display both terminal and bridging hydrogen ligands, and/or T-T metal -metal bonds ('polynuclear' complexes).
Mononuclear Complexes. They show at least 10 different geometries that are represented in Table 20 ), because of structural disorder. A five-coordinate trigonal bipyramidal hydrogen configuration similar to the ligand geometry in Fe(CO) 5 has not yet been reported. The presumably square antiprismatic configuration in Cs 3 OsH 9 (XLIV) has not yet been ascertained. Some T-metals adopt one type of ligand geometry only, such as Fe that forms exclusively oct- [FeH 6 ] 4− complexes (occurring in three hydride structure types, see 
Cation Configurations
The cations M (alkali, alkaline earth, lanthanide) surrounding the complexes have various configurations, of which the eightfold cubic (or approximately cubic) is by far the most common. Depending on the metal ratios M/T the cubes are joined via corners, edges, or faces. 
Bond Distances
Metal -Hydrogen Bonds. The T-H bond distances of the complexes can be rationalized in terms of covalent radii and a fixed hydrogen radius of 0.28Å. The distances range from 1.50 -1.60Å for 3d metals, to 1.70 -1.80Å for 4d and 5d metals, except for Pd (1.60 -1.70Å) and Pt (1.58 -1.67Å), the T-H bonds of which are shortened owing to low-coordination numbers. Apparent bond shortening may also occur as a result of partial hydrogen site occupancy in disordered HT structures. On the other hand, the relatively long Pd-D distances in disordered CaPdD 2 (X) (Pd-D = 1.84Å) and LiSr 2 PdD 5 (XXII) (Pd-D = 1.95Å) are only averages, and are presumably shortened locally owing to the formation of linear PdD 2 groups. Owing to matrix effects, 127 the T-D bond lengths generally increase with the size of the M cations.
The M-H distances are consistent with tabulated ionic radii. Those Hydrogen -Hydrogen Contacts. The H-H contacts in ordered hydride structures usually exceed 2.1Å, and thus indicate nonbonding (or repulsive) H-H interactions. In disordered structures, H sites closer than 2.1Å are always half (or less) occupied. The shortest H-H contact occurs in K 2 ReD 9 (I) for which the most recently reported value is D-D = 1.90Å. 24 Thus, there is no evidence for hydrogen pairing in homoleptic solid-state T-metal hydrides, unlike in molecular T-metal hydride complexes for which dihydrogen groups with H-H distances as short as 0.82Å do occur.
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Bonding
The compositions and ligand geometries of most mononuclear T-metal hydride complexes can be rationalized in terms of conventional electron counts based on full charge transfer from the surrounding cation matrix M, and s-pd hybridization schemes that involve two-center-two-electron (2c -2e) bonds, such as ( and 800 -1000 cm −1 , respectively. These modes correlate with bonding properties, such as the T-H stretching frequencies in the K 2 PtCl 6 type series (II) that increase in the sequence T = Fe, Ru, Os, and decrease as the M-H bond lengths increase. Their theoretical band gaps show the opposite trend, that is, they increase in the sequence Mg 2 TH 6 (T = Fe, Ru, Os) owing to the increasing atomic number of T, and that decrease in the sequence M 2 FeH 6 (M = Mg, Ca, Sr) owing to the increased participation of M d orbitals.
Properties of relevance for hydrogen storage applications, such as desorption enthalpies and weight and volume efficiencies, are summarized in Table 21 .
Clearly, some compounds have outstanding properties, such as Mg 2 FeH 6 , which shows the highest known volume efficiency for hydrogen storage of all materials known (120 g H 2 L −1 , that is, more than twice that of liquid Owing to the scarcity of thermodynamic data, empirical models such as that used to rationalize thermal stabilities of interstitial metal hydrides 131 do not exist for complex metal hydrides. Metal -hydrogen interactions obviously play a role, as can be seen from the substitution pairs Mg 2 NiH 4 -CaMgNiH 4 and Mg 2 FeH 6 -Ca 4 Mg 4 Fe 3 H 22 , whose stabilities increase strongly as one goes from the ternary Mg compounds to the quaternary Ca compounds (see Table 21 ). This trend correlates with the relatively strong interactions between hydrogen and calcium that forms a very stable binary hydride, compared to the relatively weak interactions of hydrogen with magnesium that forms a less stable binary hydride. This suggests that interactions between hydrogen and metal cations govern to a large extent the thermal stability of complex metal hydrides.
CONCLUSIONS
Solid-state transition metal hydride complexes occur mainly with the late transition elements. The complexes are usually mononuclear (centred by one T-metal atom only) and contain between two and nine terminal hydrogen ligands, while some are polynuclear (centred by more than one T-metal atom) and display bridging hydrogen ligands. The ligands tend to be disordered at higher temperatures and ordered at lower temperatures. The structural and electronic configurations of the hydrido complexes are consistent with those usually found in coordination compounds. They are stabilized by charge transfer from the surrounding cation matrix, are often 18-electron, and less often 16-or 14-electron. Some hydride structures show evidence for metal -metal interactions, as in typically interstitial metal hydrides, while others contain additional hydride anions (H − ) bonded to electropositive metals only, such as in saline hydrides. In metal-rich systems, hydrogen has interstitial character, as in typically metallic transition metal hydrides. No H-H bond formation is observed. Most complex hydride systems are nonmetallic and many are colored. Some systems, however, show hydrogenation induced complex formation and metal-to-insulator transitions. They generally display very high volume efficiencies for hydrogen storage but are thermally too stable and/or too expensive for practical applications. Thermodynamic data suggest that their enthalpy of formation scales with the thermal stability of the binary hydrides of the electropositive metal constituents.
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